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\ fstromunrsstorungen  von  Prestonrohren  in  Turbulenten  Irenzschichten)  ^ 
\ ( Des  Perturbations  des  Courants  a Cause  des  Preston  ,ubes  dans  ies  s 

■Couches  Limites  Turbulentes) , 


SUMMARY 


to/ ! /£ e K 


'An  investigation  has  been  made  concerning  the  disturbances  from  a 
surface  cylinder  aligned  with  the  flow  in  turbulent  boundary 
layers.  The  object  is  to  study  the  flow  around  Preston  tubes. 

Mean  velocities  and  rms-valuos  of  the  fluctuations  were  obtained 
in  the  centre  plane  of  the  cylinder  when  inmersed  in  turbulent 
pipe  flow.  A rough  estimate  of  the  drag  due  to  the  surface  cylin- 
der was  also  obtained  in  tills  case.  The  pressure  distribution  near 
the  cylinder  was  measured  in  a flat  plate  boundary  layer,  and  flow 
visualizations  were  made  with  the  oil  flow  teclmique.  In  addition, 
smoke  pictures  were  obtained  of  the  flow  for  the  cases  when  the 
boundary  layer  thickness  on  the  plate  was  negligible  compared  to 
the;  tube  diameter. 


The  pre;se;nt  results  are  of  interest  Ln  connection  with  the  use'  of 
Preston  tubes,  in  particular  with  regard  to  the  measurement  of 
static  pressure. 
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strOmungsstOrungen  von  prestonrohren 

IN  TURBULENTEN  GRENZSCHICHTEN 


von 

Arild  Bcrtelrud 


'/USAMMKNl'ASSUNC; 

Kino  bntersuehung  be  troll's  dor  Stbrungon  von  o i noin  Oborfl  iiclion- 
zylinder,  dor  mi  t dor  Strbming  in  lurlm  lonton  Grenzschi  cht  .on  o i no 
Linio  bildot,  ist  ausgefulirt  wordon.  Dor  /week  war,  die  Straining 
um  Pros tonrohre  herum  za  stadieron.  Diirchschnittsgoschw  i ndigke  i ion 
nnd  rms-Worto  dor  Schwankungon  warden  in  dor  M.i  ttolobono  dos 
Zylindors  oriialton,  worm  diosor  in  turbulenter  Rohrs  training  versenkt 
war.  In  diesem  Failo  Mirdc  auch  ein  ungefalirer  Ueborsehlag  ties 
Widerstandes,  von  dom  Oborfl iichenzylinder  vorursacht,  oriialton. 

Die  Dnickvorto  i lung  in  dor  Niihe  dos  Zylindors  wurdo  in  dor  Gronz- 
schicht  einor  obenon  Platte  gemossen,  und  die  Strbmungen  warden 
nut  llilfe  dor  Olstronitoclinik  sichtbar  gemacht.  \ussordem  wurdon 
Rauchbilder  dor  S trbnnng  in  den  Fallon  oriialton,  wo  die  Dicke  dor 
Grenzschicht  ;ui  rlor  PLatto  irn  Vergleich  ini t dom  Rohrdurclimesser 
unbodeiitend  war. 

Dio  gegenwartigen  Ergebnisso  ha ben  Interesse  in  Verbindung  mil 
dor  Anwendung  von  Prestonrohren,  besonders  worm  os  sieli  daram 
liandelt.,  don  statischon  Drank  zu  messon. 


DES  PERTURBATIONS  DES  COIJRANTS  A CAUSE 
DES  PRESTON  TUBES 

DANS  DES  COUCHES  LIMITES  TURBULENTES 

par 

Arild  Bcrtelrud 

Rf.SUMf. 

On  a fait  une  analyse  experimonta Its  concemant  des  perturbations 
caus6es  par  un  cylindre  aligne  dans  la  clirootion  dn  courant  el 
attache  sur  une  surface  dans  une  couclie  liiaite  turbulente. 

Lx;  but  de  cette  recherche  est  d ' 6 tudi  or  lc;  courant  an  tour  des 
tubes  Preston.  Des  valours  de  la  vitesse  out  6te  obtenues  duns 
Lo  plan  moyen  du  cylindre.  One  estimation  approximative  de  la 
rdsistance  causee  par  la  presence  du  cylindre  a etc  obtenuo  aussi. 

1 

In  distribution  de  la  pression  autour  chi  cylindre  a 6t6  mesuree 

dans  une  couche  limite  turbulente  sur  un  plan.  1 

ins  resultats  prdsentds  ici,  sent  interessants  pour  1 'usage  des 
tubes  Preston,  part icu liferement  quand  il  s'agit  de  mesu rer  la 
pression  statique. 

i 
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FLOW  DISTURBANCES  ASSOCIATED  WITH  PRESTON  TUBES 
IN  TURBULENT  BOUNDARY  LAYERS 

by 

Arild  Bertelrud 

I.  INTRODUCTION 

I'he  prosen t report  is  part  of  a project  oil  measurement  ol‘  Local 
skin  friction,  currently  in  progress  at  FFA.  In  a recent  report 
on  calibration  of  Preston  tubes  with  discussions  of  accuracy  and 
alternative  cai  i brat  ion  parameters  ("  I 1,  <o  number  of  questions  con- 
cerning the  flow  around  the  obstacles  arose.  In  a Preston  tube 
calibration  the  pressure  reading  is  taken  without  modification; 
all  disturbances  to  the  flow  created  by  the  probe  are  contained  in 
the  calibration.  The  report  referred  to  above  indicates,  however, 
that  the  results  obtained  are  sensitive'  to  how  the  static  pressure  is 
measured,  and  this  raises  the  question  of  where  the  static  holes 
should  be  located  relative  to  the  tube.  Another  subject  of  interest 
is  the  limiting  diameter  of  the  Preston  tube.  It  is  often  argued 
that  the  reading  is  valid  only  as  long  as  Liu-  tube  does  not  pro- 
trude beyond  the  logarithmic  region. 

Several  investigations  liave  been  made  of  the  so  called  "displace- 
ment" effect  of  pitot  tubes  in  shear  flows  r.'_’-4 wliich  manifests 
itself  as  an  outward  shift  of  the  mean  streamlines  near  the  tube 
mouth.  Hie  effect  of  inlet  geometry  on  yaw  characteristics  liave 
also  been  studied  [_5  J.  Some  indications  of  the  effects  on  overall 
boundary  layer  parameters  liave  been  given,  but  to  the  author's 
knowledge  no  measurements  of  the  actual  flow  perturbations  around 
surface  pitot  tubes  have  been  made. 

4 

In  the  preceding  tests  jj  J most  of  the  Preston  tubes  had  the  si  tape 
of  right  circular  cylinders.  The  local  flow  near  the  mouth  is  not 
(inch  affected  by  the  internal  flow  and  such  a tube  can  be  treated 
as  a closed  body  in  order  to  reproduce  the'  flow  field.  The  present 
investigation  will  attempt  to  determine  the  flow  field  around  such 
an  equivalent  closed  body  inmersed  in  a turbulent  boundary  layer. 

It  is  of  interest  to  know  the  flow  di sturbances  both  in  tomis  of 
the  mean  and  fluctuating  values,  as  both  determine'  the  flow  condi- 
tions in  a lurlmlent  boundary  layer  and  hence  I lie  Preston  tube 


read  out 
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One  in; ly  assume  Hint  the  di  sturbimees  to  mean  and  fluctuating  stream- 
wise  velocities,  I and  u*  are  largest  in  the  vertical  cent  replane 
of  the  cylinder.  for  this  reason  and  in  order  to  keep  the  effort 
wi  ttiin  reasonab  I e limits  all  velocity  profile  measurements  were 
perforated  in  this  cent.replane. 

A single  hot  wire  probe  was  used.  Neither  the  transverse  direction- 
al velocity  clumges  nor  1 lie  flow  direction  in  the  measurement 
plane  could  then  be  determined  near  the  cylinder.  The  measurements 
should  nevertheless  give  a picture  of  the  flow  field  relative  to 
undisturbed  boundary  layer  flow. 


2.  F.XP1R  I MENTAL  APPARATUS  AN1)  DATA  REDUCTION 

<sC 

2.1  Test  pipe 

The  experimental  rig  (see  Figure  l)  is  described  in  more  detail 
in  I J,  where  it  is  shown  that  the  flow  can  be  considered  fully 
developed  turbulent  at  the  measurement  station  used  in  the  present 
experiments . 

I t should  be  noted  that  f or  the  experiments  at  low  Reynolds  num- 
bers, in  the  laminar  flow  regime,  the  flow  cannot  be  treated  as  a 
fnll.y  developed  laminar  pipe  flow  [6(]. 

The  test  pipe  lias  a total  length  of  b.33  metres,  and  lias  been 
assembled  from  lengths  of  plastic  material  (PVO)  tubing,  with  an 
inner  diameter  of  103  mn.  There  is  only  one  joint,  so  as  to  mini- 
mize the  variation  in  flow  quality.  A flow  straightener  and  a screen 
have  been  positioned  between  the  inlet  and  the  upstream  end  of  the 
pipe.  The  flow  through  the  pipe  is  established  by  connecting  the 
downstream  end  of  the  pipe  to  the  vacuum  system  of  FFA's  super- 
sonic wind  tunnels.  Velocity  control  is  effected  by  means  of  a 
valve  which  c;m  be  kept  at  any  position  between  closed  and  fully 


open 
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2.2  Instrumentation 

Hie  measurement  rig  and  test-  configuration  arc  shown  schematically 
in  Figures  I and  2.  Figures  '5  and  U show  pho  tog  rap!  is  of  the  instru- 
mentation used.  The  static  pressure  was  measured  at  Stations  9 to 
13,  as  those  values  were  needed  for  the  data  reduction.  The  static 
pressure  at  Station  1 behind  the  screen  was  used  as  reference 
pressure  to  improve  the  attainable  accuracy.  Details  of  manometer 
corrections  etc.  are  found  in  [ 1 "]• 

At  Station  12  a total  pressure  probe,  deno ted  Rake  II,  consisting 
of  13  tubes  was  used  i 1 ].  For  the  present  experiments  mainly  the 
centreline  tube  was  used  in  the  data  reduction  while-  the  others 
were  used  to  verify  flow  syiinne  try  etc.  The:  hot  wire  measurements 
were  performed  near  Station  9 with  a DISA  Type  r>5  hot  wire  anemo- 
meter, fitted  with  a single  wire.  The  anemometer  was  temperature 
compensating  and  was  used  with  a linearizer.  The  signal  was 
recorded  on  paper  trace,  but  could  also  be  monitored  directly  on 
a voltmeter. 

The  rms  value  of  the  fluctuating  signal  was  recorded  by  a llriiol  & 
K.jaer  Level  Recorder  Typo  2303.  The  signal  was  monitored  and 
recorded  by  means  of  an  oscilloscope  to  see  if  it  changed  in 
character  with  Reynolds  number  or  with  proximity  to  the  surface 
cylinder  or  the  pipe  wall. 

Calibration  of  the  hot  wire  was  performed  by  measuring  the  centre- 
line velocity  in  the  empty  test  section  witli  Rake  B at  Station  12, 
tiie  test  section  being  empty.  The  hot  wire  was  traversed  to  the 
pifx:  centre  at  Station  9 and  the  reading  taken.  From  earlier 
tests  [l  ^ the  mean  velocities  at  these  two  jioints  liave  been  found 
to  agree  with  each  other  within  the  experimental  accuracy  of 
tiie  total  pressure  tube  rakes. 

Ihe  surface  cylinder  was  mounted  at  the  bottom  of  the  pipe  and  the 
hot  wire  probe  was  inserted  through  a hole  in  the  top  of  the  pipe. 
Ilie  hot  wire  was  traversed  from  the  upper  wall  down  to  tiie  lower 
wall  or  the  surface  cylinder. 


H A Ki'pori  I.V7 
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Hie  surface  cylinders  used  id  tin-  | >t<  is<  ii  I ( • \|  n ■ i ■ i iik  ‘ii  i s Imd  i • m c • rn.  < ) 
diameters  of  Id,  1()  add  r>  mm.  Ilu  measui'eiiien  I s concern  tin  flow 
around  a eyliader  «l*  length  I ' ’7 . r>  mm  and  outer  diameter  Id  nm  and 
a few  comparisons  with  cylinders  of  small er  diameters  were  also 
performed.  Ily  using  cylinders  of  dilTerent  lengths  mounted  iji 
different  holes  tlirough  the  wall  and  locating  the  hot  wire  at  di  f- 
ferent  holes  in  the  hatch,  it  was  possible  to  measure  the  flow  pro- 
perties at  various  stations  along  the  cylinder  w i t.h  a minim  mi  of 
damage  to  the  test  pipe.  The  arguments  used  in  support  of  per- 
forming the  experiments  in  this  manner  with  cylinders  of  varying 
diameter  were: 

Measurements  ahead  of  the  cylinder  are  independent  of  its 
length.  This  is  reasonable  since  one  of  the  findings  in  ’ I 3 
was  that  the  corresponding  Preston  tube  reading  is  indepen- 
dent lative  length  for  the  cylinders  considered  here. 

M us  over  the  cylinder  depend  only  on  the  distance 

ti  mu  Lin  upstream  tip  of  the  cylinder. 

Measurements  behind  the  cylinder  appear  independent  of  the 
cylinder  length  and  dependent  only  on  the  distance  from  its 
base.  This  also  seems  to  be  justified  by  the  results  of  I J. 

The  measurements  were  performed  by  mounting  the  hot  wire  probe  on 
a manually  manoeuvred  travel's  trig  gear  (Mitutoyo  Iff  ’-1 01).  The 
probe  was  shielded  by  a cover  and  was  traversed  down  until  the 
cover  touched  the  wall.  Considerable  care  was  taken  to  ensure  that 
the  motion  was  radial  and  that  the  pro he  I Li  t the  wall  in  the  centre 
plant'.  'Phis  was  taken  as  the  zero  of  the  traversing  gear  and  the 
probe  was  then  traversed  manually  through  the  pipe  as  far  down  as 
possible  without  damaging  the  wire.  experience  with  the  travers- 
ing gear  and  this  particular  sot  up  indicates  that  the  measured  wall 
distance  is  accurate  within  ± .02  mm.  locating  the  zero  point 
correctly  was  the  major  difficulty  when  using  this  procedure. 


2.3  l).it.i  reduction 


rh<‘  measurements  wore  transferre*d  l<>  jxuieJhe'el  e'areis  Uriel  a computeir 
program  ( in  Fortran  IV  f < ) r t.he  ICL  1 90 1 ) was  used  to  extract  veloci- 
ties, distances,  pressure'  etc.  in  the  Form  of  tables  and  plots. 

I he  procedure  used  to  obtain  the  different  variables  of  interest 
is  described  in  the  subsections  below. 

Dons i tv,  0 

Although  the  Flow  is  practically  incompressible  the  C 1 NA  atmosphere 
was  used  to  obtain  the  density  From  the  measured  pressures,  to  ac- 
count For  variations  in  atmospheric  pressure  tend  the  slightly  di I for- 
int pressures  at  different  slat  ions. 

Mean  velocity  From  hot  wire  readings 


Figure  5 defines  the  coordinate  system  and  velocity  components. 

During  calibration,  constant  velocity  was  established  and  the  centre 
line  velocity  determined  from  Rake  It.  The  hot  wire  was  then  trav- 
ersed to  the  centre  of  the  pipe  in  the  empty  test  section  and  a 
reading  was  t;iken.  Each  hot  wire  was  calibrated  by  means  of  5 to 
}x)ints  covering  the  test  Reynolds  number  region.  A straight 
line  was  fitted  to  each  calibration  by  a least  squares  method. 

Higher  order  fi  ts  were  also  tried  but  did  not  improve  the  accuracy 
significantly.  For  small  transverse  velocities  the  hot  wire'  was 
assumed  to  measure  U ( V,  Vi). 

I'he  influence  of  wall  proximity  and  steun  interferes  nee  is  eiiscussed 
in  [7  j.  As  the>  corrections  are;  not  generally  applicable,  tins  present 
data  liavo  been  left  uncorrected. 


RMS  of  the*  fluctuating  velocity 


lliis  variable?  was  computed  from  the  corresponding  rms  voltage  by 
means  of  the  mean  veslocity  calibration  curves.  In  the'  cases  where 
the1  transve;rse  moan  ve 1 or  i ty  is  negligible  when  compared  to  the  axial 


]() 
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velocity,  this  RMS  value  cot  responds  to  Jw'  ivlielv  u7  is  the 
t 1 1 ic  1 it.  1 1 i 1 if  part  o I the  s t reamw  i s(  ve  I 01  \ i t y . In  o t lie  1 eases  it 
contains  elements  of  both  axial  and  radial  velocity  fluctuations 
.and  the  reading  is  a measure  of  intensity  only. 


pipe  Reynolds  number  Re  I |)  . / \j 

i . ’ pipe' 

The  pipe  Reynolds  number  is  computed  from  the  average  velocity  I across 

the  pipe  section  est  imated  in  the  following  manner.  The  measured 

centre  line  mean  velocity  f is  re  La  tod  to  the  volume  flow  vo loci  tv 

e 

I by  the  two  equations 

- — — and  — + log,  11  + O.h  log.  Re 

(n+l)  ( -Hr  I ) 


i he  first  expression  f o 1 lows  from  the  assumption  of  a powi'r  law 
ve I oc i ty  profi le  in  a pipe  and  the  second  one  is  the  relation 
between  power  law  exponent  n and  Reynolds  number  validated  in  M ]. 
(It  is  based  on  Manner's  assumption  Hurt  n = I / /f1  and  Prandtl's 
friction  law.) 

the  average  velocity  b could  have  been  integrated  from  the  meas- 
ured mean  velocity  profile,  but  as  I ] showed  that  (lie  above  expres- 
sions represent  the  present  flow  with  reasonable  accuracy,  and  as  tin- 
pipe  Reynolds  number  accuracy  is  not,  very  critical,  tills  procedure  is 
considered  to  suffice  for  the  present  purpose . 

Friction  velocity,  u = / t/  p’ 

The  friction  velocity  was  computed  at  the  Stations  9 and  12  from 
the  pressure  drop  between  Stations  9 to  II  and  Stations  IO  to  12, 
respec  t i vely: 

h dp 

I)  . dx 

Pi|><' 

1’he  friction  velocity  11  = / 

J T 

is  de fined:  R =11  I)  . / u . 

+ t pipe' 


3 


\ 

> 
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t/  p'  and  Lb<'  friction  Reynolds  number 
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Nomina 1 velocity  profile 


As  a I ready  merit.  i on«‘d  (lie  objec t,  i ve  of'  the  present  investigation  i s 
to  determine  the  local  deviations  from  undisturbed  pipe  flow  due  to 
the  presence  of'  a probe  in  terms  of  axial  mean  velocity  I!  and 
turbulence  intensity  Ju' . It  is  then  essential  to  be  able  to 
describe’  analytically  the  "undisturbed"  profile’s  in  a way  tiiat  is 
consistent  with  earlier  1 I ] measurements  with  total  pressure  rakes 
mid  the  present  with  hot  wi  res  as  described  in  \j}  J. 


Loea I mean  velocity  I j 


lire  main  restrict  ions  on  the  analytic  profile  equations  for  lj^(y) 
is  tlmt  l and  db  /dy  have  to  be  continuous  and  the  overall  shape 
should  be  consistent  with  earlier  experiments  [l  J and  j_7  • 


During  the  earlier  measurements  there  were  signs  that  second  order 
effects  on  the  profile  could  be  significant  in  the  pipe  flow,  as 
the  "constants"  in  the  I ;iw  of  the  Wall  indicated  a dependence  on 
Reynolds  number.  A further  analysis  [7  j reveals  that  the  reason 
may  be  pressure  gradient  effects,  which  in  a pipe  show  up  as  Reynolds 
number  dependence.  Although  most  of  the  present  measurements 
are  performed  at  a fixed  pipe  Reynolds  number,  the  variation  in 
pipe  Reynolds  number  (pressure  gradient)  may  be  significant.  Re- 
sides, comparison  with  other  reference  runs  at  other  pipe  Reynolds 
numbers  are  made  easier. 


In  [•  1 a power  law  fit  to  the  data  yields  exponents  in  agreement 
with  the  Reynolds  number  trend  given  by  the  aforementioned  combi na- 
tion of  Nunner's  and  Prandtl1s  expressions  couiec t; ing  n to  f and 
f to  Re  respectively.  If  one  assumes  that  a logarithmic  law  with 
a gradient  A(R  ) in  accordance  with  Tennekes  (8  ] and  a power  law 
of  n(R  ) ( Nunner-Prandtl)  at  some  point  have  equal  mean  velocity 

gradients  db/dy,  then  it  turns  out  that  this  point  lias  a wall  dis- 
tance in  ttie  region  Wl  to  ,70 % of  the  pipe  radius  depending  on  R^. 
The  condition  that  the  curves  Join  in  this  point  then  del  ermines 

the  additive  constant  Hi  R ) in  t tie  I ngnri  t hmi  e law. 

+ 
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l(«'  following  equation  gives  the  nominal  velocity  profile  down  to 

y+=  4o: 

u+  = A(  R ) I ny+  + ll(  K ) 


where  A (li  )=  3 - 5R+ 


+ ' ' + 
-l/'J 


; n(R+)=  1 0.82  - 0.818  In  R 


The  wake  region  is  expressed  in  accordance  with  Coles'  detin  iticsi,  hi  1 1 
so  that  its  strength  (given  l>y  TT ) is  given  as  a function  of  R . 
Using  the  I at  Station  1 2 which  is  assumed  to  bn  unaffected  by 
the  presence  of  the  probe , one  obtains 

7—  = A(R  ) [lny+  + 2TT(H  ) sin~(][y/D)  + ll(  R )] 


where  ]"[  (R  ) = 2 


U „/u  - B(R  ) R ' 

■ I(„  ) * - ^ir> 


If  f]  is  estimated  using  n(R+)  one  obtains  a rather  significant  R 
variation,  as  compared  to  the  value  of  about  0.32  obtained  practi- 
cally independent  of  Reynolds  number  by  calculating  with  Coles' 
values  A = 2.439  and  B = 5-0.  (Changing  the  value  of  II  to  5.2, 
as  suggested  by  Brederode  and  I Sradslinw  [9],  results  in  a reduction 

ofTT  by  0.04 . ) 

Rather  few  of  the  present  measurements  are  taken  within  the  viscous 
sublayer  or  buffer  zone  and  the  main  requirement  is  therefore  that 
the  selected  expression  shall  match  in  u+  and  duVdy+  a t y+=  40. 
(Deviations  from  the  logarithmic  law  often  are  considered  to  be 
significant  somewhere  below  y+=  30  to  50.)  A modification  of 
Rannie's  I 1 0 "]  expression  is  chosen: 

u+=  U(R  ) • tanli(  y+/0)  ; C(R+)=  I ?. 5 - 0.4  • In  R+  ; D=  1? 

(Rannie  used  O = D = 14.53,  matching  a logaritlunic  law  with  con- 
stmt  A and  B at  a lower  y+  value.) 


' 1 - - ■ _ ; ' - — -*-■ 
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The  effects  of  the  different  choices  of  assumed  velocity  profile 
may  he  exemplified  by  Figure  6,  showing  the  situation  for  Re=  r)r>(>0(). 
Although  the  agreement  at  low  y+  between  the  A(lt+),  l)(R+)-line  and 
that  obtained  by  Townsend's  I'll  ] equation  should  be  considered  a 
coincidence  it  illustrates  that  assuming  A and  11  constant  for  the 
present,  experiment-  would  not  be  Justified. 

The  velocities  computed  from  the  equations  involving  pressure  gra- 
dient dependence  are  considered  the  nominal  mean  velocities  b'^,  and 
for  measurements  in  the  disturbed  flow  field  the  measure  id  quant i- 
t Les  are  divided  by  the  proper  local  . 


3.  FXPFRIMF.NTS 

3.1  Experiments  with  empty  test  section 

before  any  measurements  were  made  near  the  cylinders,  a series  of 
runs  wore  used  to  establish  a "reference"  flow  situation  over  the 
entire  Reynolds  number  range  to  be  investigated  later.  Some  extra 
runs  of  this  kind  were  also  made  near  the  end  of  the  tests.  The 
results  arc  summarized  in  Figure  7-  These  l4  runs  are  subject 
to  a more  complete  discussion  in  [7 J»  where  the  profiles  are 
tabi  1 1 a tod. 

Figure  7 shows  that  the  measured  mean  velocity  profiles  in  general 
•agree  with  the  assumed  one.  Least  squares  curvefits  to  each  pro- 
file yield  s lopes  lower  t luui  presumed,  at  about  A=  2.2.  This  is 
believed  to  be  a result  of  the  uncertain  hot  wire  response  in  the 
proximity  of  the  wall. 

One  of  the  turbulence  profiles  measured  here  has  been  plot,  ted  in 
Figure  8 for  comparison  with  l^aufer's  ("12”]  results.  The  agree- 
ment is  reasonably  good  for  y/R  0.2  ; i.e.  outside  the  logarith- 
mic region.  Closer  to  the  wall  points  of  butter  s profile  indicate 
a midi  higher  htrltulenae  intensity  than  the  present.  Recent  results 
by  Perry  and  Abell  [ 1 1 "]  are  also  shown.  They  indicate  that  in  a 


1 


; 
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region  y+  100,  y/K  < 0.1  tin;  stroamwise  turbu  lonoo  intensity  is 
constant.  Other  profile  m< 'asuromon t.s  front  the  present  sot  up  also 
indicate  tint  t the  region  of  deviation  from  a linear  re  la  t ions  I tip 
is  smaller  than  the  Logar i tlunic  region,  and  for  t he  purposes  of  the 
present  report  it  suffices  to  make  it  linear  curve! i I based  on  points 
at  0.2  < y/R  < 0.95  and  extrapolated  .across  tint  entire  pipe  section: 


u 


X-  ( I -v/R)  + u) 


Least  squares  fits  of  the  profi  les  show  that  both  X and  uj  tiave 
a Reynolds  number  dependence.  For  simplicity  the  values  are  chosen 
constant  for  the  measurements  near  the  cylinder  (Re  ~ 1.15  * 1 0 1 ) ^7  ]• 

X =1-0 

Ju  = 0. 65 


J.2  Experiments  with  surface  cylinders 

Pile  cylinders  were  positioned  in  various  locations  with  the  hot 
wire  at  fixed  streamwise  position  to  give  a large  number  of  read- 
ings at  the  stations  considered  to  be  of  main  interest,  namely  near 
the  leading  and  trailing  edges  ( See  Figure  2).  The  hot  wire  was 
traversed  across  the  entire  diameter  of  the  test  pipe  to  obtain 
information  on  possible  asymmetries  arising.  For  the  runs  and 
probe  positions  considered  to  be  of  main  interest  the  traces  on 
the  oscilloscope  were  recorded. 

Table  gives  the  overall  data  of  the  runs  with  surface  cylinders 
positioned  and  the  recorded  mean  velocity  and  turbulence  intensity 
profiles. 

As  the  information  on  how  the  cylinder  disturbs  the  flow  is  based 
on  hot  wire:  measurements  with  the  assumption  that  the  flow  is 
perpendicular  to  the  hot  wire,  a few  tests  were  made  to  ascertain 
whether  or  not  this  was  indeed  justified.  The  hoi  wire  was  placed 
in  the  pi pe  centreline  and  rotated  (ill  the  reading  was  minimum 
A hot.  wire  probe  parallel  to  the  flow  has  a heat  loss  of  about  5”  v 


of  t tut  t when  the-  wire  is  pe;rpe-ndi  e;u  lor  to  the-  flow  1 'l  ],  which 
explains  the  rathe-r  high  re-ael  i ngs  obtained.  I'll*’  hot  wire  was  t rav- 
ersed  across  tin-  pi j >« • section  and  significant  ele;p<urturos  from  the 
centreline  values  would  indicate  swirl  oi  other  inconsistencies  in 
the  flow.  Three  tests  were  made  at  the  pipe  Reynolds  number  used 
for  iiios  t of  the  measurements,  one  without  a cylinder  mounted,  one 
ahead  of  the  cylinder  and  one  in  the  wake  of  it.  These  indicated 
that  one  may  treat  the  plane  of  measurement  as  a true  symnetry  plane 
for  the  flow. 

Most  of  the  experiments  concerned  the  flow  around  the  19  mm  cylin- 
ders in  fully  developed  turbulent  flow,  for  which  the  pipe  Reynolds 
number  was  held  approxi mate ly  constant  wi t li  a pipe  centreline  mean 
velocity  of  about  20  m/ s . As  an  aid  in  estimating  the  Reynolds 
number  effects  a few  runs  were  made  at  1 1 about  10  m/ s and  a few  at 
much  lower  velocities  with  laminar  flow.  The  effect  of  cylinder 
diameter  was  investigated  by  means  of  10  and  5 mm  tubes  with  one 
measurement  in  the  wake  of  each. 

3.3  Pressure  distribution  measurements 

Although  the  hot  wire  measurements  established  the  upstream  influ- 
ence' of  a surface  cylinder  find  the  flow  visualization  illustrated 
this  effect  quite  clearly,  it  was  considered  desirable  also  to  meas- 
ure the  upstream  influence  on  the  static  pressure;  fielei.  The1  re; fore' 
a simple  experiment  w<is  designed. 

A flat  p La  t e'  with  a sharp  leading  edge  was  mounted  in  the-  Id*' A O . t x 
x I metre'  building  Aerodynamics  (HA)-Turme;  1.  Abend  I metre1  frenn  the- 
lerading  e-elge'  surface  cylinders  of  four  different  diameters  ("3,  r>,  10 
anei  I1*  mm)  we;re  - mounted  a lung  fhe>  plate  ce-nt  re\l  i tie1  and  a I igne-d  with 
the-  flow.  Static  pressure1  taps  locate-d  in  erne1  si  re-amw  i se-  and  erne1 
sptmwise;  row  we;re  used  anel  the1  cylinders  wi-n-  posil  ione-d  at  diftVr- 
e-nt  locations  from  run  to  nm,  see  that  the-  pressure-  elist  ribut  ion 
around  such  an  eihstae-le-  eenilel  he-  mnppe-el.  'lost  mils  were-  maele-  .it  a 
free*  stre-atti  ve-loeity  of  ahenit  20  up  s,  as  boundary  layer  me -a  sure  -me -n  t s 
inelicate-d  that  the-  flow  had  a reasonably  "turhuh-nt"  profile-  at  this 
ve-leieitv  with  a hot  me  la  ry  laye-r  thie-kne-ss  of  about  '.O  nun. 


3.4  h'loti  visualization 


As  an  aid  in  determining  the  flow  directions  both  in  tin*  centre 
plane  whore  the  magnitude  was  investigated  and  elsewhere  around  I lie 
cylinders,  it.  would  have  beer  desirable  to  use  lor  example  smoko 
blown  from  interior  of  the  surface  cylinder  in  the  test  pipe.  I n- 
fortunately  the  PVC  was  non-transparent.  Therefore  these  tests  won 
made  in  the  b>w  Speed  Smoke  Tunnel  of  FFA.  in  this  tunnel  the  flow 
is  laminar  and  only  very  low  velocity  is  available.  A magnified 
plexiglass  model  of  the  cylinder  was  placed  on  a flat  plate.  Smoke 
pictures  were  taken  with  tin*  cylinder  parallel  to  the  flow  and  at 
'50°  yaw  angle.  Of  course  this  ear  not  give  any  real  answer  to  the 
question  of  what  the  flow  pattern  is  in  the  Hilly  developed  turbu- 
lent. flow  like  in  the  pipe,  but  one  tiny  hope  tlmt,  it  at  least  gives 
an  indication  of  the  magnitude  and  shape  of  the  flow  around  a 
cvl i nder  on  a wa I 1 . 

In  order  to  obtain  some  information  on  the  surface  flow  pattern 
around  the  cylinder  in  a turbulent  boundary  layer  additional  tests 
wore  made  in  the  BA-Thnnel.  Cylinders  of  diameters  10  and  19  inn 
were  positioned  1 metre  behind  the  leading  edge  of  t.he  flat  plate 
as  discussed  in  the  previous  section.  The  free  stream  mean  velo- 
city was  about  20  m/ s , as  in  the  pressure  distribution  tests. 
Visualizations  were  then  made  by  means  of  oil  flow.  Even  the  flow 
pattern  on  the  cylinder  itself  was  i llustrated  to  some  extent  by 
these  tests,  as  shown  in  the  next  section. 

4.  RESULTS 

4.1  Alcan  velocity  profiles 

Figure  d shows  the  measured  mean  velocity  II  relative  to  the  nominal 
mean  velocity  U given  by  the  fomiilae  in  Section  '5.  Contours  are 
given  ahead  of  and  behind  the  cylinder,  respectively.  behind  the 
cylinder  it  can  be  seen  how  the  velocity  gradients  rapidly  get 
smaller  while  it  takes  more  than  one  cylinder  diameter  before  the 
wake  strength  itself  decreases  significantly. 
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In  Figure  10  an  interpretation  oi  ail  the  measured  mean  velocity 
profiles  has  been  made,  indicating'  the  levels  of  the  ratio  U/lJ  . 

It  is  seen  tliat  measured  velocities  in  tiie  centre  plane  above  the 
cylinder  do  not  show  any  increase  due  to  blocking  until  more  tlum 
one  cylinder  diameter  behind  the  body.  Tills  may  he  seen  as  ;ui 
indication  that  the  flow  is  primarily  forced  around  the  side  of 
the  body  rather  tlum  being  displaced  vertically.  This  may  be  more 
pronounced  when  the  cylinder  is  mounted  on  a flat  plate . 

The  Reynolds  number  and  cylinder  diameter  effects  are  illustrated 
in  Figure  11.  The  profiles  for  U ~ 10  and  20  m/ s are  practically 
identical,  i.e.  the  Reynolds  number  effect  based  on  model  (cylinder) 
scale  and  pipe  scale  are  both  too  small  to  be  measured.  Regarding 
the  diameter  effects  these  are  difficult  to  sort  out  as  the  wake 
behaviour  is  likely  to  scale  mainly  on  the  cylinder  diameter  while 
the  profiles  were  taken  for  X^=  0.45,  i.e.  scaled  on  pipe  radius. 


4.2  Turbulence  intensity  profiles 

Figures  12  to  14  show  the  turbulence  intensities  from  the  profiles. 
They  are  given  as  RMS/u^  to  indicate  the  effects  of  the  vertical 
velocities  in  certain  regions  ahead  of  and  behind  the  cylinder. 

Here  u is  the  undisturbed  friction  velocity  far  from  the  surface 
cylinder.  As  could  be  expected  the  turbulence  intensity  lias  a 
large  value  where  the  mean  veLocity  gradients  are  large.  Behind 
the  cylinder  the  fluctuations  are  seen  to  be  progressively  stronger 
downstream  in  the  wake,  but  as  shown  in  Figure  I 'J  the  measured 
intensity  is  significantly  larger  than  in  the  "nominal"  case  within 
one  half  cylinder  diameter  from  it.  An  indication  of  a Reynolds 
number  effect  on  the  turbulence  level  all  through  the  cross  section 
is  indicated  in  Figure  14,  but  the  disturbance  of  the  cylinder 
appears  to  be  Reynolds  number  independent . As  in  the  case  of  the 
mean  velocities,  it  is  again  difficult  to  draw  conclusions  on  any 
diameter  influence. 
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4.3  Oscilloscope  traces 

In  the  Figures  15,  16  and  17  a selection  of  relevant  oscil  loscojie 

traces  of  the  signal  are  given.  Figure  I r>  shows  records  from  ahead 
of  the  cylinder  and  Figure  lb  presents  (Lata  from  two  stations  be- 
hind the  cylinder.  It,  is  seen  that  the  centreline  signal  is  un- 
affected by  the  surface  cylinder  presence,  while  the  magnitude  of 
the  variations  agree  approximately  with  that  expected  near  the 
cylinder.  'there  does  not  seein  to  be  ;uiy  definite!  low  frequency 
periodicity  in  the  fluctuations.  Figure  17  gives  tie  signals  from 
a station  ahead  of  the  cylinder  at  the  two  different  Reynolds 
numbers,  corresponding  to  U = 10  or  20  m/s.  The  scale's  on  the 
pictures  are  Volts/unit  which  corresponds  to  a velocity  fluctuation 
ot  about  3, 5 ms"  /unit.  It  appears  tliat  at  the  lower  Reynolds  number 
the  highest  frequency  oscillations  are  much  weaker  and  show  up  just 
as  a ripple  on  the  low  frequency  signal. 


4.4  Pressure  distribution 


The  Figures  18  and  19  show  the  most  important  results  from  the 
pressure  distribution  experiments . Figure  18  gives  an  overall  map 
of  the  pressure  disturbance  caused  by  the  presence  of  the  cylinder. 

It  is  evident  that  the  largest  pressure  deviations  are  concentrated 
to  a rather  small  region  along  the  centreline  just  ahead  of  the 
cylinder.  The  disturbance  is  rather  weak  on  the  sides,  which  is 
important  in  positioning  Preston  tubes  relative  to  static  holes. 

It  should  be  observed  that  even  the  19  mm  tube,  wliich  here  occupied 
a region  rruch  larger  than  the  logarithmic  region,  showed  results  in 
accordance  with  those  of  the  smaller  cylinders.  Figure  19  shows  oxp'ri- 
mental  results  .along  the  centreline  comj  wired  with  a simple  cal- 
culation. II*'  simple  inviscid  calculation  has  been  performed  ly  treat- 
ing the  cylinders  as  a three-dimensional  source  located  at  x=  0, 
y-  I)/2.  I'he  wall  presence  is  accounted  for  by  an  i mage  source  at 
x-  (),  y=  -D/2.  I'he  source  strength  is  determined  by  forcing  the 
wake  of  the  upper  source  to  go  through  y p far  downstream  when  a 
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uniform  tree  si  rv.mi  is  imposed.  Figure  19  shows  the  results  of 
this  simp.lt*  exercise  and  one  may  conclude  flint  outside  the  region 
of  about  one  diameter  from  the  cylinder  the  local  pressure  is  well 
represented  by  simple  considerations  like  the  one  above. 


4,5  Flow  visualization 

In  Figure  90,  oil  flows  on  the  flat  plate  are  shown  for  the  19  ran 
cylinder.  Hie  rapid  divergence  of  surface  streamlines  ahead  of  the 
cylinder  can  hr*  seen,  as  well  as  the  separation  line  about  one  dia- 
meter ahead  of  the  leading  edge.  The  strongly  perturbed  region  is 
seen  to  extend  about  one  cylinder  diameter  to  both  sides  of  the 
obstacle.  A rather  large  separated  area  can  be  seen  just  behind  the 
cylinder  trailing  edge.  This  flow  pattern  with  one  or  more  horse- 
shoe vortices  is  nothing  unexpected;  the-  different  shapes  occurring 
have  been  discussed  earlier,  for  example  in  (J'jj*  The  main  differ- 
ence , is  that  most  investigations  concern  cylinders  with  the  axis 
normal  to  the  wall,  rectangular  blocks  etc.;  whereas  the  present 
configuration  has  concave  corners  near  the  wall.  The  two  vortices 
in  the  corners  formed  by  the  cylinder  and  wall  appear  to  feed  mate- 
ria I into  the  separation  bubble  from  behind.  The  wake  development 
in  tin*  near  body  and  the  far  body  regions  can  also  be  seen  in  the 
figure.  the  effect  of  cylinder  size  is  demonstrated  in  Figure  .91, 
where  the  smallest  cylinder  extends  to  about  10$  of  the  local 
boundary  layer  thickness.  There  appears  to  be  a small  effect  of 
cylinder  diameter  in  the  front  region.  The  wakes  of  the  different 
cylinders  are  somewhat  different  (Figure  .79).  The  r>  and  10  mm  tubes 
have  no  distinct  separation  bubble  at  the  rear,  unlike  the  Id  mu 
tube,  but  apart  from  this  the  relative  wake  size*  and  the  general 
flow  development  appears  to  be  similar.  Figure  99  shows  the  flow 
pattern  on  the  cylinder  itself.  At.  the  front  it  appears  in  the  first 
picture  a small  separated  region  extending  only  some  tenth  of  a 
cylinder  diameter  downstream.  file  other  picture  demonstrat.es 
another  interesting  feature;  the  two  vortices  formed  under  I. he 
cylinder  at  the  front.  They  seem  to  start  on  the  cylinder  wall  and 
from  the  earlier  figures  il  appears  furthermore  (hat  their  tract's  on 
the  surface  extend  outwards  until  they  art'  entrained  in  the  horseshoe 
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I igure  2'i  also  lias  a side  view  of  the  19  run  cylinder.  In  the  corrwr 
between  tilt;  wall  raid  the  cylinder  there  is  a distinct  region  where 
the  horseshoe  vortex  is  Located. 

Some  stereo  pho  Lograplis  linve  been  taken  of  the  oil  flows  on  the 
la  mm  cylinder  in  the  turbulent  boundary  layer  (Figure  2h , top) 
and  of  smoke  visualizations  in  potential  flow  near  a large  plexi- 
glass cylinder  (Figure  24,  bottom).  It  should  be  noted  ttiut  stereo 
Lenses  are  needed  to  see  the  photographs  in  three  dimensions.  In 
the  smoke  photographs  streamlines  can  be  seen  to  enter  the  mouth 
of  the  cylinder,  whereupon  they  suddenly  turn  outward  again. 


4.6  Pressure  drop 

This  part  treats  the  drag  of  the  surface  cylinder  in  pipe  flow. 

From  the  experiments  performed  earlier  [l  ],  data  are  available  on 
the  loss  of  static  pressure  due  to  the  presence  of  the  cylinder. 

The  data  were  obtained  as  indicated  in  Figure  25  in  the  form  of  a 
displacement  of  the  pipe  static  pressure  line.  This  displacement 
is  assumed  to  consist  of 

Form  drag  on  the  cylinder  itself  (Profile  and  skin  friction). 
Cliange  in  skin  friction  drag  on  the  pipe  walls. 

In  obtaining  the  measurements  needed  for  the  computations  two  of 
the  inclined  manometers  were  used  for  different  parts  of  the  pipe, 
so  that  static  pressure  ahead  and  aft  of  the  Preston  tube  were 
taken  from  different  manometers . To  correct  for  this  one  of  the 
pressure  was  recorded  on  both  manometers  and  the  values  deduced 
were  compared.  One  of  the  two  sets  of  measurements  was  then  slutted 
by  this  amount  to  .align  the  "undisturbed"  pressures.  the  remain- 
ing shift  then  represents  the  pressure  drop  due  to  cylinder  pres- 
ence dp  note  that  in  [l  ^ the  uncorrected  values  were  printed. 

Phis  correction  procedure  is  of  course  questionable  and  is  subject 
to  scatter  and  bias.  In  order  to  eliminate  or  reduce  the  system- 


1 


atic  errors  a series  of  turns  with  empty  test  section  was  used 
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Figure  20  shows  the  ratio  of  pressure  drop  to  dynamic  pressure 
dp  J q plotted  versus  Heynolds  number  for  different  < iy J inder 
diameters.  In  tin;  figure  no  correction  has  lietui  made  for  system- 
atic error,  and  a Line  iias  been  drawn  corresponding  to  dp  = 

Pr 

= 'i  N/m~  to  indicate  that  (Lata  of  lower  magnitude  are  question- 
able. (in  those  cases  the  correstions  to  individual  measure- 
ments are  comparable  with  the  measurement  itself.) 

Tills  also  means  tliat  only  data  from  [l  ] on  tho  three  cylinders 
used  here,  of  diameters  9 , IO  .'mil  19  11m,  give  results  of  acceptable 
accuracy.  It  is  natural  to  try  and  express  the  drag  of  the  sur- 
face cylinder  in  wall  variables,  although  the  19  mn  body  extends 

far  outside  the  wall  region.  Expressing  the  drag  coefficient  as 
+ 0 It 

C = dp  /—  u the  results  for  the  different  diameters  are  shown 
D 1 pr  2 T 

in  Figure  27 • 

O 

In  the  no  null  context  of  C,  = I)/  \ p U ' with  IJ  being  the  centre- 

1)  ' z e e 

line  mean  velocity,  this  becomes: 

('l)  l'D  , D 

Cr  ~ 2 ' I)  . 

r pipe 

From  the  figure  it  appears  that  the  cylinders  extending  outside 
the  logari  tlunic  region  have  a comparably  larger  drag  than  the 
smaller  cylinders. 

At  tin-  beginning  of  this  section  (4. 0)  the  measured  pressure  drop 
was  assumed  to  consist  of  drag  on  the  cylinder  itself  and  influence 
on  the  pipe  walls  by  blockage  etc.  To  obtain  an  order  of  magnitude 
estimate  for  the  blockage  effects,  one  may  assume  an  equivalent 
body  equal  to  the  cylinder  cross  section  area  and  affecting  a 
length  three  times  the  cylinder  length.  It.  turns  out  that,  the 
resulting  increase  in  skin  friction  is  practically  negligible. 
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5.  CX)NC  FUSIONS 

the  objective  of  the  present  study  is  to  investigate  tilt?  flow  con- 
ditions near  Preston  tubes.  for  practical  reasons  ibis  lias  been 
accomplished  with  surface  cylinders  of  a Larger  scale  relative  to 
the  boundary  Layer  thickness,  but  the  tests  should  nevertheless 
give  a correct  answer  to  various  questions  of  interest. 

The  Preston  tube  gives  rise  to  a flow  pattern  much  the  same 
as  that  of  other  obstacles  attached  to  a surface  and  imtiersed 
in  a boundary  layer  jj 5 ],  i.e.  a horseshoe  vortex  is  formed 
which  embraces  the  obstacle's  front  ;md  sides  and  trails  off 
into  the  wake. 

The  velocity  measurements  indicate  that  a secondary  vortex 
is  present  in  the  frontal  area  more  tiian  one  diameter  up- 
stream. In  contrast  to  the  main  vortex  tills  secondary 
vortex  lifts  up  from  the  surface,  and  is  not  seen  in  the 
oil  flows. 

A separated  area  extends  about  one  diameter  upstream  and  to 
the  sides  of  the  tube. 

The  disturbance  in  static  pressure  extends  more  than  seven 
diameters  upstream,  and  is  equivalent  to  the  disturbance 
due  to  a source  in  the  centre  of  the  front  plane  and  its 
image  in  the  wall.  With  uniform  flow  the  required  source 
strength  is  such  that  the  limiting  surface  corresponds  to 
the  tube  cross  section  far  downstream. 

Hie  drag  due  to  the  cylinder  corresponds  to  less  than  5$ 
of  the  Preston  tube  dynamic  pressure  for  cylinders  located 
within  the  Logarithmic  region,  and  considerable  larger  for 
larger  cylinders. 
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From  the  present  experiments  it  appears  that  it  is  preferabh 
to  locate  the  correspond!  ng  static  pressure  tap  to  one  side 
of  tiie  Preston  tube*  even  in  zero  or  very  small  pressure 
gradients.  Two  or  tiiree  diameters  transverse  distance  is 
sufficient  to  make  the  pressure  disturbance  negligible. 


In  tlie  literature  tiie  maximum  permissible  Preston  tube  dia- 
meter is  often  argued  to  be  the  logarittimic  region  thickness. 
Prom  the  present  experiments  tills  appears  to  be  a reasonable 
but  rougli  estimate,  and  it  should  bo  born  in  mind  ttiat.  the 
flow  is  distorted  far  outside  the  logaritlimic  region  even 
for  tubes  of  permissible  size.  The  effects  on  the  Preston 
tube  measurements  will  nevertheless  be  small  in  most  cases. 
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SYMBOLS 


A,  A(R+) 
D,  H(R+) 

dp 

C = — ^ 
I)  P ,, 


dp 

, _ pr 

' n ~ p 2 

+ TT  U 

2 T 


Cf  = 2 XI  2 
o U 


c = — 

p -p  u ^ 

- n 


C = — 
P*  P 


I) 

D . 
pipe 

dp 

pr 


Law— o f — the -wa  ll  parame  ter 
Law -of— the— wall  parame ter 

drag  coefficient  in  outer  scales 
< irag  coefficient  in  wall  scales 
local  skin  friction  coefficient 
pressure  coefficient,  outer  scales 
pressure  coefficient,  wall  scales 

cylinder  diameter,  constant  in  Rannie 1 s Law  of  the  wall 
pipe  diameter 

pressure  drop  due  to  Preston  tube  (see  Figure  25) 


friction  factor 


cylinder  length 


n 

P 

P* 

q 

R 

IT  D . 

Re  = IS£e 


RMS,  rms 
u_  I) 


R = T I’ll’*' 

+ n 


power  law  exponent 
static  pressure 

^ disturbed  ^undisturbed 
dynamic  head 

pipe  radius 

Reynolds  number  (in  pipe) 

root-mean-square  of  the  fluctuating  velocity 
friction  Reynolds  number  of  the  pipe 


(hot 


wire ) 


v 
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U,  u' 
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i; 
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u = 


v. 


I 
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X = x/R 


X = 
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x/R 
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y = 


T y 
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local  mean  and  fluctuating  velocity  along  pipe  axis 
free  stream  mean  velocity.  In  pipe  centreline  ve loc i ty 
average  velocity  across  pipe  cross  section 
nominal  ( tindi  s turbed)  local  mean  velocity 

friction  velocity 

non-diinons  ionn  1 velocity 

local  mean  and  fluctuating  radial  velocity 
local  mean  and  fluctuating  transverse  velocity 
s treamw i se  di s tanc  e 

non-dimensional  stroamwise  distance,  zero  at  leading  edge 
non-dimensional  streamwise  distance,  zero  at  trailing  edge 
wall  distance 

non-dimensional  wall  distance 
trails  verse  distance 
kinematic  viscosity 
(•ammeter  in  Coles 1 wake  law 
density 

surface  shear  stress 

cons  tant 

constant 


Coordinate  sys torn  and  velocity  components  are  defined  in  Figure  7 
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Briiel  & Kjaer 
RMS 


Experimental  rig  with  instrumentation.  Pipe 
diameter  10.5  cm.  Details  are  given  in  [)  ]. 


Figure  2.  Measurement  configuration  ;uid  definition  of 

streamwise  coordinates  X and  X both  made  n 

o 

dimensional  by  scaling  by  the  pipe  radius  R 
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DefirLLtion  of  coordi n;i  te  systems  x 
moan  velocity  components  II,  V,  W ; 
fluctuating  velocity  components  u1 
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'feet  of  cylinder  diameter  and  Reynolds 
imber  on  mean  velocity  deviations  at  a 
.stance  4r>"<j  of  R downstream  of  the  cylinder. 


Measured  turbulence  intensities  at  stations  ahead  of 
and  behind  the  surface  cylinder.  -—  — —.nominal  (un- 
disturbed) distribution  outside  logarithmic  region. 
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StiTi’o  pi  rt  tiros  <>r  oil  Clows  (a  b) 
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I otisos  slioi  I Id  bo  use'll. 
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0 . 004  76 

8.06 

0.  747 

0 . 005  76 

8.35 

0.747 

0 . 00776 

8 . 49 

0.714 

0 .00976 

8.56 

0 .686 

0.01276 

8.99 

0.647 

0 .01776 

9.07 

0 .587 

0 . 0 2 276 

9.50 

0.548 

0.02776 

9 .85 

0.508 

0 . 0 3?7o 
0.05776 

10.00 

0.453 

10. 36 

0.411 

0 . 04276 

10.50 

0 . 568 

0.04776 

10.79 

0.  546 

0.05735 

10.57 

0.332 

0.05235 

10.79 

0.  348 

0 .05249 

10.72 

0.338 

0 .04709 

10.64 

0 . 377 

0 .04209 
0 .03709 

10.50 

0 . «*1  6 

10.21 

0 .461 

0 .03209 

9.9  3 

0.511 

0,02709 

9.64 

0.545 

0 .02209 

9 . 35 

0.594 

0 .01909 

8.99 

0.659 

0 . OlftOV 

8.92 

0.682 

0 .01709 

8 . 78 

0 . 702 

0.01609 

5 .64 

0.7  30 

0.01509 

8.35 

0 . 77 4 

0 . 01409 

8 . 06 

<1.84  3 

7.85 
7 .42 

0. 01 209 

7,27 

1.014 

0.01159 

7 . 06 

1.050 

0.01109 

6.77 

1 . 0 62 

0 . 0105V 

6 . 49 

1 . 068 

0 .01009 

6,20 

1 .050 

0 . 00959 

6.05 

1 .025 

0 .00909 
0 . 0085$ 

5.01 

0.991 

5 .77 

0.946 

0 .00809 

5.62 

0.925 

0 . 00759 

5.48 

0.893 

0.00709 
0 . 00609 

5.27 

0.868 

4.98 

0.84  3 

0.00509 

4.41 

0.815 

0.00409 

4.19 

0 . 774 

0. 00309 

3.90 

0.730 

0 . 00259 

3.8  3 

0 . 7 0 2 

0 . 0(>?0v 

3.69 

0.670 

0 . 001  5V 

3.47 

0.618 

0.0010V 

2.9  0 

1 . i r ' 

0.0010V 

2.90 

0.532 

0.483 

n . ooovo 

2.66 

a ,ooo8v 

2.25 

0.411 

0 . 00084 

1.9  7 

0.32  6 

0 . 0007V 

1.47 

0 .206 

0.00074 

1 . 39 

0.0  72 

0 . 000AV 

0 . 8 v 

0.162 

0.0004V 

1 .54 

0.051 

0 . 00064 
0 . 0005» 

1.61 

1.47 

0.065 
0 . 055 
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Prof  i 1 o 


J i ■) 
20 


Cylinder:  D = 5 

X = I'll 


He  = 

1 . 20 

R+  = 

3630 

10 


y L 


I I A Heport  127 


1 


4=7 


u L,n/S  J /*'"  [m/s  J 


.0007'- 

5 

. *9 

0 

,24ft 

0 

. 00089 

5 

.84 

0 

. 7ft 5 

ft 

. c novo 

5 

.19 

0 

. '.6ft 

•) 

. 0 0 090 

3 

.04 

0 

. 342 

0 

. 001 09 

ft 

.27 

0 

.878 

0 

.00109 

4 

. 53 

0 

. 580 

.00119 

7 

. 1 3 

0 

.9  80 

0 

.001, 

29 

7 

.7ft 

0 

,94ft 

0 

. 001 ! 

59 

9 

.07 

0 

.94  1 

ft 

.00709 

10 

. 00 

1 

.00  2 

0 

. 00259 

10 

. 3 

1 

. 09  3 

0 

. 00  509 

10 

. 79 

1 

. 1 78 

.00909 

1 1 

.80 

1 

. 198 

0 

. 00509 

1 1 

.68 

1 

. 1 5ft 

0 

0, 

. 00709 
.00809 

1 1 
1 1 

. 72 
. 7V 

1 

1 . 

. 164 

. 514 

ft 

. 00909 

12, 

.si 

1 

. 78  3 

0 

.010< 

)«v 

1 5 

. 44 

1 

.921 

0 , 

. 0 1 1 ( 

r 

1 4 , 

. 57 

1 

.814 

0 , 

. 01  ?( 

)9 

1 4 

.80 

1 , 

.589 

0, 

.01  3( 

9 

1 s , 

. 45 

1 , 

,41ft 

ft  , 

. 01  4< 

)9 

1 s , 

.81 

1 , 

.262 

0 , 

. 0 1 5 ( 

9 

1 5 , 

.95 

1 , 

.226 

0 , 

. 01  7( 

V) 

1 6 , 

. 1 ft 

1 . 

. 164 

0 , 

.01909 

1 6 , 

.52 

1 . 

. 125 

0 , 

. 07209 

1 6 , 

.95 

1 . 

, 09  3 

0 , 

.02709 

1 7 , 

.5  3 

1 , 

.0  38 

0 . 

.05209 

1 8 , 

.24 

0 . 

,985 

0 , 

,05709 

18. 

.89 

0 , 

, 899 

0 , 

, 04709 

1Q  . 

,53 

0 , 

,810 

0 , 

0 4 7 ( 

)9 

19  . 

,9ft 

0 . 

,718 

0. 

057  ! 

is 

19  . 

, ftH 

0. 

,615 

0 . 

057! 

IS 

20, 

, 1 8 

0. 

,651 

n . 

0 4 7? 

►ft 

20. 

, 1 8 

0 . 

, ft08 

0 . 

042? 

'6 

19  . 

75 

0 . 

644 

0, 

057? 

►ft 

19  . 

5V 

0. 

, 722 

0 . 

, 0327ft 

19  . 

, 0 5 

0 . 

8 1 0 

0, 

, 0277 f, 

1 « . 

5 3 

0 . 

, 899 

0 . 

0227 

’ft 

1 7 . 

81 

0. 

985 

0 . 

017) 

’ft 

1 7 . 

24 

1 . 

"6? 

0 . 

01  27  6 

1ft  . 

45 

1 . 

1 38 

0 . 

00970 

1 5 . 

95 

1 . 

212 

0 . 

0077  (1 

1 s . 

45 

1 . 

26  2 

0. 

0067<. 

1 5 . 

2 5 

1 . 

269 

0 . 

.00576 

IS  . 

? 8 

A . 

514 

0, 

, 004? 

►ft 

1 5 . 

02 

1 . 

3 37 

0. 

, 00  57 

’ft 

1 4 . 

5V 

1 . 

56  0 

0 

. 00276 

1 4 . 

01 

1 . 

57ft 

0. 

.00176 

1 3 . 

1 5 

1 . 
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. 0007o 

1 ? . 

01 

1 . 
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Hun  316 

Profile  21 
Cy  l i rider:  D = 10 

X = 182 


He  = I . l4  • IO ; 
Ht  = 3700 


[ 

111  ] 

l!  I in/s  j 

/u 

'% 

•) 

. 00176 

10 

. 88 

1 . 

48  ft 

0 

. 00576 

1 3 , 

. 69 

1 . 

3ft  5 

0 

. 00S7,. 

15. 

. 49 

1 . 

36  3 

J 

. 00776 

15, 

,°4 

1 . 

31  7 

0 

. 00976 

16. 

.19 

1 . 

2 4 5 

0. 

. 00976 

1 6 , 

. 26 

1 . 

265 

0, 

.01776 

1 $ ■ 

.77 

1 . 

194 

0. 

.01776 

1 7 

.6 7 

1 . 

121 

0 , 

. 07776 

1 8 , 

. 4 5 

1 . 

005 

0 , 

. 07776 

19  , 

.01 

0 . 

9 32 

0 . 

. 0 57  76 

19  . 

.52 

0 . 

84  1 

0 . 

05776 

20  . 

, 04 

0 . 

) 

04776 

20. 

. 36 

65ft 

0 . 

,04776 

20  , 

.55 

ft  1 ft 

0. 

, 047  50 

20. 

, 68 

0 . 

6 3 4 

ft . 

047Q9 

20  . 

,55 

0 . 

71  1 

0 . 

,04709 

20, 

. 1 6 

0 . 

8 1 7 

ft . 

.05709 

19  , 

.65 

0 . 

9 22 

0 , 

.0  52  09 

19 

.01 

1 . 

0 34 

ft , 

.07709 

18 

.24 

1 . 

2 A 5 

ft , 

. 02409 

1 7 

.22 

1 , 

71  8 

ft. 

.07209 

1 6 

.51 

2. 

1 8ft 

ft . 

. 02009 

1 4 

.27 

2. 

>9  8 

ft . 

.01809 

12, 

. 48 

2. 

H81 

ft . 

.01 709 

1 1 , 

. ft4 

2. 

8 3.’ 

ft , 

.01609 

1 0 . 

. 1 7 

2 , 
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0 . 

.01 509 

9 , 

. OH 

2 . 

424 

0 , 

.011 09 

8 , 

. 4 4 

2. 

1 Vh 

ft . 

.01009 

8 

. 19 

1 1 

1 1 2 

1 , 

,00809 

7 

.80 

2 . 

005 

> . 

.00609 

7 , 

. 48 

1 . 

948 

ft . 

.00409 

7 

. 1 6 

1 . 

9 , ft 

■ft , 

0 0 7 09 

6 , 

ftS 

1 . 
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Hun  'J17 

Profile  '22 

Cylinder:  D - 19 

X = 31 

Re  = 1.12-  IO ; 

R+  = 5590 


y [ ml  U [m/s  1 /U"KS  J 


.) . 0 0 1 7 1, 

9 . 7 9 

1 .504 

j . 00776 

1 ? .2? 

1 . 3 79 

0 .00376 

13.69 

1 . 325 

. 00576 

15.17 

1.317 

1.00776 

16.13 

1 . 502 

•J  .00976 

1 6 . 38 

1.243 

0.01776 

1 6.^6 

1.194 

0.01776 

17.86 

1 .089 

0.07276 

18.66 

1 .005 

0.02776 

19.20 

0.927 

(1 . 03276 

19.7? 

0.831 

0.03776 

?o.io 

0.745 

0.06276 

20.65 

0.653 

0.06776 

20 . 74 

0.602 

0.05235 

20 .68 

0.630 

0 .06709 

20.42 

0.699 

11 . 06209 

20.23 

0.81  7 

0.03709 

19.52 

0.927 

J. 03309 

19 .20 

0.99  3 

0 . 0 5009 

18.88 

1 .058 

0 .02809 

18.63 

1.108 

0.02609 

0.02509 

18.31 

17.99 

1.236 
1 . 395 

0 . 02609 

17.73 

1 . 707 

0.02309 

17.09 

2.064 

0 . 02259 

16.58 

2.263 

0.02209 

16.00 

2 .474 

0.02159 

15.42 

2.524 

0.02109 

14.78 

2 .65b 

0 . 02059 

14.01 

2.705 

Run  UlH 

Profile  2'j 
Cylinder:  D = 19 

X = o.r> 

Ro  = I . I I • IO5 

R+  = 5590 


1.001 76 

10.04 

1 . 63V 

1.00276 

12.03 

1 .58  3 

1.00376 

13.89 

1.410 

0.00576 

15.42 

1.33? 

0.00776 

16.13 

1 .27? 

i>.  009  76 
0.01276 

16. 06 
16.58 

1 .229 
1.14  7 

0.01776 

17.47 

1.05? 

0.02276 

17.99 

0.065 

0.02776 

18.63 

0.870 

0.03276 

19.07 

0. 776 

0.03776 

19.52 

0.691 

0.04276 

19.97 

0.616 

0.04776 

20.16 

0.57? 

0. 052J5 
0 .04709 

20.23 

26.04 

0. 588 
1.181 

0. 04209 

19.65 

0. 758 

0.03709 

19.27 

0.855 

0 .03309 

18.82 

0 . v 1 1 

0 .03009 

18.63 

0.940 

0.02809 

18.43 

0.976 

0.02609 

18.18 

1 . 0?8 

0 .02409 

17.99 

1 . 046 

0. 02309 

17.92 

1.071 

0.02259 

17.86 

1 . 089 

0 . 02209 

17.73 

1 .096 

0.02159 

17.67 

1.108 

0 . 02169 

17.60 

1 . 1?8 

0 .02059 

17.47 

1.141 
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Hun  319 

Profile  24 

Cy Linder:  I)  = l<) 

X = 3-3 

Re  = 1 . 14  • IO  1 
R+  = 3730 


. 0 0 1 7 ft 

9 

.2? 

1.948 

■ . 0077ft 

1 1 

.58 

1.495 

u . 0 fi  3 7 ft 

1 3.57 

1 . 587 

" . 005  7o 

15.42 

1 . 325 

• . 0077ft 

16.3ft 

1 . 50? 

0.0007ft 

1 6 . 58 

1.2  3ft 

>. 01776 

16, 

.90 

1.174 

0.01 77ft 

1 7, 

.67 

1.07? 

0.07776 

18.3? 

0.982 

i.  07  77ft 

19.01 

0 . 896 

:l:mt 

19.52 

0.80  3 

20.04 

0. 716 

0 . 0ft77ft 

20.  29 

0.6  30 

0 . 0477ft 

20.55 

0.592 

0.05735 
0 . 04700 

58:11 

0 . 599 
0.687 

0.04700 

0.03709 

19.91 

0 . 77 6 

19.5? 

0.850 

0 .03709 
0.03009 

18.95 

0.94  5 

18. 8ft 

0.965 

1) . 07809 

18.75 

0.999 

0.07609 

18.69 

1.017 

0.07400 

18. 

69 

1 . 046 

0.07309 

18  . 

69 

1.071 

u. 07709 
0.07159 

18.88 

1.085 

19.01 

1.121 

0.07109 

19.14 

1.147 

0 . 07059 

19.39 

1.181 

0 .07009 

19.52 

1 .229 

Run  320 
Profile  25 
Cy Linder:  D = 19 

X = -27 

Re  = I . IC>  • 105 
R+  = 6010 


’ [ m ] 

1 [m/s] 

1 1 

i 

0.0017ft 

10.56 

2 . 064 

0.0037ft 

13.69 

1.419 

1) . 0057ft 

15.10 

1 . .3  48 

0.00776 

15.94 

1 .325 

0 .0097o 

16.13 

1 .251 

0.01776 

16.58 

1 .194 

0.0 177ft 

17.60 

1 . 096 

0.07776 

18.11 

1 .005 

0.07776 

18.75 

0.916 

2 -mt 

19.20 

19.59 

0.822 
0. 741 

0.0477ft 

20.04 

0.645 

0.04776 

20.10 

0.599 

win* 

20.04 
19 . 78 

0.602 

0.672 

0 . 04?09 

19.39 

0. 767 

0.03709 

18.75 

0.865 

0.03709 

0.07709 

18.11 

0.949 

17.35 

1 .022 

0.07409 

0.07100 

16.70 

1 .071 

16.13 

1.128 

0.01909 

15.81 

1 . 194 

0.01709 

15.42 

1 .229 

0.01509 

14.78 

1.243 

0 .01400 

14.65 

1 .251 

0.01 309 

14.40 

1 .265 

0 .01709 
0.01109 

14.21 

15.89 

1 .287 
1.317 

0 , 01 009 

13.76 

1.332 

0 . 00909 

13.37 

1.411 

0 . ooaoo 

0 . 00709 

1 2 ,9w 
12.54 

1 .444 
1.54? 

0 . 00609 

11.9ft 

1.611 

1)  . 00509 

11.45 

1 .658 

0.09459 

10.68 

1 .658 

0.05309 

9.91 

1 .639 

0.00759 

9 . 66 

1 .639 

0.00709 

9 .27 

1 .620 

0.00159 

8 . 89 

» .59  3 
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Run  321 
Profile  26 
Cylinder:  D 


Re  = 1 . 16 
R+  = 6o40 


-19.5 


0.00176 

9.72 

1 .668 

0.00376 

13.76 

1.405 

■ • . (>0576 

15.42 

1 .403 

■ .00776 

16.26 

1.387 

j . 00076 

16.45 

1 . 302 

0.01? 76 

17.22 

1 .229 

0 .01 776 

1 7.99 

1.134 

0.0227a 

18.75 

1 . 058 

0.02776 

19 . 46 

0.960 

0 .03276 

19  .91 

0.870 

0.03776 

20.16 

0.780 

0.04276 

20.55 

0.675 

'.04776 

?0. 74 

0.62  7 

* . 05235 

20.68 

0.634 

0.04709 

20.4? 

0 .699 

0. 04209 

20.04 

0.798 

0.03709 

19 . 33 

0.896 

0. 03209 
0.02709 

18.75 

0 .976 

17.86 

1 .071 

0.02409 

17.22 

1.108 

0 . 02109 

16.58 

1.160 

0 . 01909 

16.13 

1.187 

0. 01709 

15.62 

1 .229 

0.01509 

15.10 

1 .251 

0.01 409 

14.65 

1 .287 

0.01 309 

14.21 

1 . 302 

0 .01 209 

13.95 

1 . 340 

0 . 01 1 09 

13.63 

1 . 356 

0 .01009 

1 5.25 

1 . 379 

0 . 00909 

12.80 

1 . 44<, 

0 .00809 

12.41 

1.4  j 

0 .00709 

1 1 .96 

1.5  7 

0 . 00609 

11.45 

1.574 

0 . 00509 

10.81 

1 . 59  3 

0.0040V 

10.6? 

1.620 

o . 0 0 309 

9 .98 

1 .6  39 

0 . 00209 
0.001 $9 

8 . 89 
8. 31 

1 . 668 
1.697 

Profile  27 
Cylinder:  D = 


-19.5 


Re  = 5.»9  * 
R+  = 3360 


y [ in  ] IJ  [m/s  J Ju"~  [in/s  ] 


'» . 00176 

4.21 

0 . 785 

0 .00376 

6.97 

0.653 

0 . u057o 
0.00776 

7.80 

8.12 

0 . 660 
0.653 

0.00976 

8.57 

0.599 

0 . 01 776 

9.15 

0.555 

0 .02276 

9 .40 

0.518 

0.02776 

9 . 79 

0.478 

0.03276 

10.04 

0.429 

0.03776 

10.30 

0 . 580 

0.04276 

10.43 

0.341 

0.04776 

10.49 

0.309 

0.05235 

10.49 

0.305 

0 . 04709 

10.36 

0.  327 

0 .04209 

10.24 

0.367 

0.03709 

9.85 

0.41? 

0 .03209 

9.53 

0.449 

0.02709 

9.15 

0.495 

0 .02409 

8 . 76 

0 . 509 

0.02109 

8.51 

0.533 

0 .01909 

8.31 

0 .549 

0.01 709 

8.12 

0.575 

0.01509 

7.80 

0.599 

0 .01409 

7.61 

0. 616 

0 .01 309 

7.48 

0.623 

0.01209 

7.0  3 

0.602 

0.01 1Q9 

6.97 

0.630 

0.01009 

6.84 

0 , 6 4 5 

0 .00909 

6 .58 

0 .668 

0 . 00709 

6.07 

0.70  3 

0 . 00509 

5.6? 

0. 732 

0 . 00  309 

5.11 

0.749 

0.00209 

4.73 

0 . 789 

» 


■■ 


y L m j 

IJ  [m/s  ] 

/u'2[ 

0 . 001 7ft 

8.53 

1 . 778 

Run  323 

0.0037ft 

0.0057ft 

14.00 

16.1ft 

1 .SOS 
1 .454 

0.0077ft 

16.90 

1.417 

Profile  28 

0 ,0097ft 
0.0177ft 

17.38 

18.57 

1.557 
1 .795 

0.01776 

19.40 

1.195 

Cylinder:  D 

= 19 

0.07776 

0.07776 

70.71 

70.89 

1.115 
1 .000 

0.03776 

0.03776 

71 .49 

0.917 

X 

II 

1 

Ut 

77.17 

0.803 

0.04776 

77.4ft 

0.774 

0 . 04776 

77.51 

0.668 

0.05735 

77.17 

0.668 

0.04709 

71 .83 

0.750 

Re  = 1.24  • 

5 

0.04709 

71.43 

0.846 

10 

0.03709 

70.87 

0.949 

0 .03709 

70.71 

1 .079 

R+  = 6290 

0.07709 
0 .07409 

19.47 

18.79 

1.115 

1.188 

0.07709 

0.07009 

18.19 

1 . 795 

17.11 

1.417 

0.01909 

16.50 

1 .479 

0.01809 

15.76 

1 . 585 

0.01 709 

14.95 

1 . 748 

0.01609 

14.77 

1.873 

0.01509 

13.66 

7.053 

0.01409 

13.19 

7.713 

0.01 309 

17.65 

7.  557 

0 . 01  ?< 

)9 

11.71 

7.417 

0.011c 

)9 

10.56 

9.48 

7.511 

0.010c 

)9 

7.576 

0 . 00909 

8.53 

7.585 

0 . 00809 

7.6ft 

7.615 

0.00709 

7.17 

7.615 

0 .00609 

6.91 

7.707 

0.00509 

7.17 

7.834 

0 . 00409 

7.37 

7.985 

0.0030 

)9 

7.39 

7.968 

0 .0071 

>9 

7.37 

7.770 

0.00709 
0 . 00159 

6.98 

7.630 

6.51 

7.371 

Run  324 
Profile  29 
Cylinder:  D = 19 

X = -H. 3 

Re  = <>.  9(>  • 10  5 

Rf  = 460  * 


J 


0.0077ft 

0.01776 

0.0777ft 

0.0477ft 

0.0S235 

0.05735 

0.04700 

0.03700 

0.07709 


01  700 
01  709 
00709 
00709 
00509 
00409 
00309 
00709 


/ ’> 

l!  [m/s]  /u'"[m/sj 


1 

.78 

0, 

.0^ 

1 

.43 

0 , 

.0  2? 

1 

. 66 

0 , 

.M? 

1 

,66 

0. 

.Oil 

1 

. 6 5 

0. 

.0** 

1 

, 6 5 

0 . 

1 

.58 

0 . 

.0i2 

1 

.51 

0 . 

, 02<> 

1 

,44 

0 . 

, 0?.’ 

1 

. 31 

0. 

,022 

1 

. 1 7 

0, 

,022 

0 

.97 

0. 

,0?? 

0 

.9  7 

0 . 

, 027 

0 

.99 

0. 

,91  7 

0 

.90 

0. 

.043 

1 

. 0 

0. 

, 0St> 

1 

. 1 1 

0 . 

, OSS 
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ProfiLe  ')() 


Cylinder:  D 


X = -8.5 


1.23  * 1<> 


H+  = 74o 


/•=r 

i m/s  /u 


0 . 00/76 

1 . 5* 

0.077 

. 0 W7(j 

1 . V 5 

0.077 

" . 01 776 

2.17 

0.022 

0 . 02776 

7.25 

0 . 0 2 7 

•0 .0  5776 

2.75 

0.027 

■ . 05235 

2.59 

0 . 0 22 

0 . 04?09 

2.59 

0.02? 

0.0  320*' 

2.  59 

0.027 

J . 02209 

2.25 

./ .022 

> . 01700 

2 . 09 

0 .046 

0 . )1  209 

1 .as 

0.077 

. 0 09  09 

1.51 

0 . 1 5 0 

. 00509 

1.11 

0.106 

0 . 0040V 

1.15 

0.112 

0 .0050V 
0 . 00209 

1.17 
1 .20 

0.145 

0.150 

Prof  i le  3 I 
Cylinder:  D = 


R+  = 5970 


L 111  J 

U fm/s  j 

yu'"  [m/s*J 

0 . 00  776 

16.84 

1 . 420 

. 0 0 9 7 

17.51 

1 . 404 

’ . 01 2 7o 

18.19 

1 . 541 

0.01776 

19.15 

1 .223 

0.02276 

19.54 

1 . 1 5 S 

0 . 02776 

70.41 

1.017 

0 . 05776 

21.16 

0.91/ 

0 . 0 5776 

21  . 56 

0 . 799 

0 . 04276 

21  .90 

0 . 708 

0.04776 

22.10 

0.688 

0.05235 

22.17 

0 . 720 

0 . 04709 

21  .97 

0.827 

0.04209 

21.49 

0.944 

0.03709 

20.75 

1.041 

0 .03209 

20.21 

1.135 

0 . 02  709 

19.20 

1 .225 

0 . 02409 

18.46 

1 .281 

0 . 0210V 

17.38 

1.417 

0.01 7Qv 

15.62 

1 .640 

6 . 01 40V 

14.41 

1.851 

0 .01209 

1 5.  39 

2.115 

>.01009 

11.98 

2.226 

O.OOflQv 

IQ. 22 

7 . 504 

0 . 00709 

1 0 . 0v 

2.  31  7 

0 . 00609 

8.4/ 

2 . 49  7 

0 . 00 5 Ov 

7.7V 

7.511 

0 . 00 *.Q9 

7.12 

2 . 585 

0. 00 509 

6 . 30 

2.660 

0.00259 

6.10 

2.834 

0 . 00209 

6.14 

0.516 

Profile  37 
C v 1 i rider:  I)  = 


Re  = 1 . 24  • 

in  = 5740  " 


0.0077  (. 
') . 0097ft 
0.01  2 7c 
0.01776 
0.07776 
.1.07776 
0.0577c 
0.05776 
0 . 0*77c 
0 . 0477c 

m# 

0 . 042QQ 
0.03709 

uws 


I [m/s  __ 


0 .02000 

18.8ft 

1 

0 . 02200 

18.20 

1 

0 . 0250O 

18.6ft 

1 

n, n??0o 

18.12 

1 

0.  02200 

18,80 

1 
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Run  333 

Profile  3R 
Cylinder:  D = 19 

X = -16 

Re  = 1.29  * 105 
R+  = 5960  * 


y r m J l [m/s  j /u  [m/s  J 


0 . 00  77o 

16.16 

1.557 

n . 0 0976 

1 6 . ft  4 

1 . 295 

•1 .01  270 

17.44 

1 . ? 2 3 

0 .01 77b 

1 8 . 5V 

1 . 122 

0.0227b 

19.15 

1 . >29 

0.02776 

19  .HI 

0.960 

0 . 05276 

20.28 

0 .H51 

0 .05776 

20 . 75 

0.750 

0.0*276 

21  . 02 

0.664 

0.0*776 

20.95 

0.635 

0.05255 

21  .02 

0.6fc<. 

0 .0*709 

20.75 

0.781 

0 . 0*209 

20.21 

0.8  76 

0.05709 

19  .54 

<1.966 

0.05709 

0.02709 

18.  86 
1 7 .85 

1 .041 
1.109 

0 . 02209 

16.77 

1 .209 

0 .01909 

16.05 

1 . 2 4 4 

0 .01709 

15,4? 

1 . 2ft1 

0 . 01 509 

14. HI 

1 . 51  rt 

0 . 01 509 

1 4 . go 

1 . 564 

0.01109 

13.06 

1 .462 

0.01009 

12.5? 

1 . 496 

0 .0  09  09 

1 1 .98 

1.576 

0 . 00809 

11.23 

1 .659 

0.00709 

10. 63 

1 . 7?ft 

0. 00609 

9 . Hft 

1 .851 

0 . 00509 

9 .01 

1 .950 

0 . 00*09 

8.35 

2.006 

0.00309 

7.  39 

2.089 

0.00259 

6.84 

2.101 

0 .00209 

6.30 

2.115 

0 . 001 59 

5.6  3 

2.065 

Run  334 

Profile  39 
Cylinder:  D = 19 

X = -11 

Re  = 1.26  • 105 
R+  = 584o  * 


y f in  i 

IJ  [m/s  ] 

v/u  [m, 

0. 0077b 

16.57 

1 . 404 

0.0097b 

16.84 

1 .266 

0.01276 

17.51 

1.188 

0 .01776 

1 ft . 39 

1 .090 

0.02276 

0.02776 

19.13 
19  .Ml 

1.011 
0 .922 

0.05276 

0.0577o 

20  . 35 

0 . H 1 7 

20.75 

0.720 

0.0*276 

21  .02 

0.642 

0.0*776 

21.16 

0.615 

0.05235 

0.0*700 

21  .02 

0.642 

20 .82 

0.729 

0 . 0*209 

20.28 

0.836 

0.03709 

19.60 

0.928 

0.994 

0.03?0« 

18.86 

0.02709 
0 . 02209 

17.92 

1 . 065 

16.70 

1.161 

0.01909 

15.76 

1 .259 

0.01709 

15.08 

1 . 326 

0.01509 

14.41 

1 . 388 

0.01 509 

13.60 

1 .487 

0.01109 

12.52 

1.612 

0.01009 

1 1 .98 

1 .679 

0.00909 

11.30 

1 . 728 

0 . 00809 

10.36 

1 .809 

0.00709 

9 .68 

1 .862 

0.00609 

8.60 

1 .938 

0 .00509 

7.72 

2.05  3 

0 .00*09 

6.71 

2.101 

0 .00359 

6.17 

2.113 

0 .00309 

5.63 

2.1  38 

0.00259 

5.22 

2.101 

U. 00209 

4. $5 

2.089 

0 .001 59 

4 .8? 

2 .077 

*) 
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Run  335 
Profile  Uo 
Cylinder:  I)  = 19 

X = 167 

Re  = 1.24  • lO* 

in  = 5760 
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Run  3 36 

Profile  -t  1 

Cylinder:  D = Id 

X = 132.3 

Re  = 1.27  • 105 
R+  = 5870  * 


Ruji  337 

Pi’ofile  42 
Cylinder:  D = 
X = 


19 

132.3 


Re  - 

1.26 

R+  = 

5840 

10" 


. 


(>l 


/=rf 


r in  - 

1 |m/s  J 

v/u  ~ : in/s 

h.o 

‘16. 30" 

1.223 

: .00970 

17.65 

1 .237 

.01776 

18.32 

1.162. 

, 0 1 77o 

10 .20 

1 . (j84 

1.07776 

20.08 

1 . 0 00 

. 07776 

20.75 

0.012 

.1 . 0 3 7 7 0 

21  . 3e> 

0.827 

i.0?776 

21 .49 

0. 712 

-.09776 

21  .07 

0.631 

) .09776 

2 2 . 1 0 

0.613 

05735 

22. 0 3 

0.657 

-5 . 09  709 

21  . 29 

0.750 

0.09209 

20. 55 

0.841 

0.05709 

O.03709 

20.14 

10.67 

0 .960 
1.105 

0 . 07709 

18.59 

1 . 420 

0 . 07709 

16.84 

1.612 

0.07109 

16.30 

1 . 605 

0.07009 

1 2.02 

2.150 

0.01959 

7.12 

2.053 

0.01909 

3.06 

1 .096 

-.01859 

4.0S 

1 .650 

0.01809 

2.2S 

0.772 

0 .01809 

4 .01 

1.011 

0.01709 

2.  ?2 

0. 704 

[ in  : 

l [m/s  ] 

/ / 2 r 
yu  [m, 

0.00776 

16.16 

1 .281 

0 . 00976 

16.97 

1 .273 

0.01776 

17.71 

1 .209 

0.01776 

18.96 

1.115 

0 . 07776 

19  1 3 

1 .029 

0. 07776 

19.67 

0.9  2H 

0 .03776 

70.78 

0.832 

0.03776 

70.87 

0.688 

0 . 09776 

71  .07 

0 .646 

0 . 09776 

71.09 

0.631 

0.05735 

70,95 

0 .672 

0 . 09709 

70.75 

0.781 

0 . 09209 
0 .03709 

70.71 

19.67 

0.891 

0.994 

0.03709 

0.07709 

19 . 15 
18.17 

1.148 
1 .437 

0 .07909 

17.58 

1.576 

0 . 07709 

16.93 

1 .659 

0.07109 

15.97 

1 .679 

0 . 07059 

19.81 

1 . 708 

0 . 07039 

13.93 

1 .830 

0 . 07009 
0 . 01979 

17.99 
9 68 

2.053 

2.277 

0.01959 

8.70 

2.175 

0 . 01999 

6.78 

2.053 

0. 01979 

9.  75 

1 . 7?8 

0.01909 

3.79 

1 . 462 

0 .01889 

7 .66 

0.955 

0.01869 

7.78 

0.733 

0.01859 

7.75 

0.735 

0.01899 

7 75 

0 . 708 

0.01879 

7.75 

0.720 

0.01809 

7.75 

0.750 

0 .01709 

7.59 

0.817 

0.01609 

7 .96 

0 .846 

0 . 01 509 

7.57 

0.836 

0.01909 

7.66 

0.841 

0.01559 

7.73 

0.841 

:!:W8S 

0.841 
0.8  27 

0 .05869 

7.39 

0 . 79  4 

0 . 00709 

7.5  7 

0 . 799 

0 . 00509 

5.56 

0.81  7 

0.003Q9 
0 . 00709 

7.55 

7.50 

0 . 790 
0.745 
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Run  338 
Profile  43 
Cylinder:  D = 19 

X = 137.3 

Re  = 1.25  • lo’ 

R+  = 37<>()  * 


*) 


0 .00776 

16.16 

1.295 

0.01776 

0.01776 

17. ?4 

1.168 

18.12 

1 .071 

0.07776 

0.03776 

18. 79 

0.983 

19.81 

0.K0S 

0.09776 

20.6? 

0.620 

0.05735 

0.05735 

20.62 

0.631 

20.62 

0.649 

0.09776 

20.64 

0.599 

0.09?09 

19,81 

0.861 

0.03709 
0 . 03709 

19.33 
18  .>9 

0.955 
1 .078 

0.07709 

0.07909 

17.85 

1.533 

17.04 

1.487 

0.07709 

16.30 

1.576 

0.07109 

15. (37 

1 .631 

0.07009 

19.(31 

1 .873 

0 .01909 

nnh 

11.64 
9 .34 
7.75 

2.330 
2.412 
2.  304 

0.01759 

5.79 

2.030 

0.01709 

3.94 

1.631 

0.01659 

3.13 

1 . 266 

0 . 01609 

7.79 

1 .047 

0. 01509 

7 .136 

1.053 

0.01 409 

3.13 

1.128 

0.01309 

3.77 

1.12? 

0.01709 

3.33 

1 . 096 

0.01109 

3.33 

1 .078 

0.01009 

3.31 

1 .059 

0.00909 
0 . 00809 

3 .77 

1.047 

3.13 

1 .029 

0.00709 
0. 00609 

3 . 06 
3 . 06 

1.023 

1.029 

0 ! 00*89 

IM 

0.00309 

2.86 

,917 

0 .00709 

5. 75 

0 . 00159 

2.66 

0 . 866 
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